In the Fluid Mosaic Model for biological membrane structure, proposed by Singer and Nicolson in 1972, the lipid bilayer is represented as a neutral two-dimensional solvent in which the proteins of the membrane are dispersed and distributed randomly. The model portrays the membrane as dominated by a membrane lipid bilayer, directly exposed to the aqueous environment, and only occasionally interrupted by transmembrane proteins. This view is reproduced in virtually every textbook in biochemistry and cell biology, yet some critical features have yet to be closely examined, including the key parameter of the relative occupancy of protein and lipid at the center of a natural membrane. Here we show that the area occupied by protein and lipid at the center of the human red blood cell (RBC) plasma membrane is at least Ϸ23% protein and less than Ϸ77% lipid. This measurement is in close agreement with previous estimates for the RBC plasma membrane and the recently published measurements for the synaptic vesicle. Given that transmembrane proteins are surrounded by phospholipids that are perturbed by their presence, the occupancy by protein of more than Ϸ20% of the RBC plasma membrane and the synaptic vesicle plasma membrane implies that natural membrane bilayers may be more rigid and less fluid than has been thought for the past several decades, and that studies of pure lipid bilayers do not fully reveal the properties of lipids in membranes. Thus, it appears to be the case that membranes may be more mosaic than fluid, with little unperturbed phospholipid bilayer.
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fluid mosaic model ͉ membrane lipid bilayer T he protein-to-lipid ratio has often been measured, but such measures do not address the question we raise here, because the proteins usually extend well beyond the bilayer and often occupy surface area-the finding from the recent modeling of the synaptic vesicle is that there is little lipid exposed, being covered by extrabilayer protein domains (1) . There is great variability in the measured protein-to-lipid ratios, from myelin, with Ϸ20% protein, to the inner mitochondrial membrane at 76% protein; the plasma membranes of most animal cells are Ϸ50% protein. Nonetheless, with the exception of the purple membrane from Halobacterium salinarium, there is little accurate information concerning the area occupancy of protein and lipid at the center of natural membranes (2, 3) .
Results
We measured the area occupancy of protein and lipid at the center of the human RBC plasma membrane, a much-studied membrane with direct relevance to other cell types. RBC plasma membranes were ''shaved'' by using a combination of high-pH washes with 10 mM NaOH and proteolytic digestion with proteinase K to remove loops and domains extending beyond the lipid characteristic groups of the membrane bilayer surface. The basic assumption in conducting the membrane ''shaving'' experiment is that the membranes should be resistant to proteolysis of the transmembrane regions, allowing determination of their abundance. Several key ideas support the use of membrane shaving to characterize the area occupancy at the center of natural membranes. The first is the observation that the dominant transmembrane structural element in membrane proteins is the ␣-helix (4). The second idea is that individual ␣-helices remain stable as transbilayer elements, or independently folded domains (4, 5) . This assumption is supported by a number of studies that have shown that fragments of membrane proteins in which the loops between helices are disrupted or absent can retain the ability to self-assemble in a membrane (4). Experiments have shown that the bacteriorhodopsin molecule can be cut in several loops and reassembled (6, 7) , and related experiments on other proteins have demonstrated that coexpression of fragments cut in loop regions results in functional proteins inserted into membranes (see table in ref. 4) . Another supporting argument is that the transmembrane peptides will be either predominantly or entirely hydrophobic. Thus, there will be no driving force for the peptides to flip out of the membrane bilayer into a horizontal orientation or into the solvent. Finally, a transmembrane orientation is particularly favorable if the length of the peptide roughly matches the thickness of the membrane. Therefore, the process of membrane shaving is expected to reduce most of the proteins contained within the membrane bilayer to their transmembrane helices. There will be a few helices that are, in fact, unstable, some proteins that bind at the surface of the bilayer, and regions of structure that arise from apparent reentry in folding (such as the partial TMs in aquaporin); each of these would be removed in our treatment. Thus, the remaining helices are expected to be a lower bound for the amount of protein contained within the lipid bilayer.
As a method to measure the completion of membrane shaving, the progressive proteolytic digestion of RBC plasma membrane open ghosts with 3.0 mg/ml proteinase K and 5 mM phenylmethylsulfonyl fluoride (PMSF) as the protease inhibitor was monitored as a function of digestion time. A series of three different types of membrane washes [1 M KCl (K), 10 mM NaOH (N), and 100 mM Na 2 CO 3 (O)] were tested to remove peripherally associated proteins from the extracellular and cytoplasmic surfaces of the RBC open ghost membranes before conducting proteolytic digestion experiments (Fig. 1a) . The 10 mM NaOH wash was the most effective and efficient wash medium (Fig. 1a) . The procedure of using a 10 mM NaOH wash before shaving with 3.0 mg/ml proteinase K in 10 mM NaOH for 24 h also resulted in the elimination of contamination from hemoglobin (Fig. 1b) . By using buoyant density measurements obtained from equilibrium centrifugation in linear sucrose gradients, the time progression of membrane shaving was extended to 48 h of digestion with proteinase K to establish completion of the shaving (Fig. 1c) . A buoyant density plateau was reached by 24 h (Fig. 1c) . By repeating the buoyant density analysis for each time point a total of 10 times, the density of untreated RBC ghost membranes was determined to be 1.15 Ϯ 0.004 g/cm 3 ( Fig. 1c ) and the density of the fully shaved RBC plasma membrane was found to be 1.081 Ϯ 0.006 g/cm 3 ( Fig. 1c) .
The membrane shaving process was also monitored as a function of time by using immunoblot analysis (Fig. 1d ) including anti-band 3 (Sigma B9277) (cytoplasmic), anti-glycophorin A and B (Sigma G7650) (extracellular), and anti-spectrin (␣ and ␤) (Sigma S3396) (cytoskeleton). These antibodies were used to monitor the shaving completion of human RBC membrane protein components on the cytoplasmic surface, the extracellular surface, and the erythrocyte cytoskeleton. Band 3 is estimated to account for 26% of the amount of total RBC ghost surface proteins, whereas glycophorin A is estimated to account for 1.6% and glycophorin B to account for 0.2% of the amount of total RBC ghost surface proteins (8) . Spectrin is estimated to account for 25% of the amount of total RBC ghost surface proteins and 75% of the cytoskeletal mass (8) . The immunoblot analysis for band 3, glycophorins A and B, and spectrin (␣ and ␤) revealed that by 24 h of shaving with proteinase K, a significant amount of extramembranous material had been successfully removed from the cytoplasmic surface, the extracellular surface, and the cytoskeleton of the RBC open ghost membrane samples (Fig. 1d) .
The area occupancy of protein and lipid at the center of the human RBC plasma membrane was measured by using two different biochemical techniques: (i) a compositional analysis and (ii) a densitometric analysis. For the compositional analysis, dry weight measurements of RBC open ghost plasma membranes, fully shaved RBC plasma membranes (DW membrane ), lipid-extracted membrane protein from fully shaved RBC plasma membranes (DW protein ), total membrane lipid from RBC open ghost plasma membranes, and total lipid from fully shaved RBC plasma membranes (DW lipid ) were determined (Table 1) . Based on the dry weight measurements reported in Table 1 , the area occupancy of the RBC plasma membrane was determined to be 20 Ϯ 3% protein and 79 Ϯ 5% lipid.
A much more accurate method proved to be buoyant density measurements with use of equilibrium centrifugation in continuous, linear sucrose gradients. Buoyant density measurements were made of RBC open ghost plasma membranes, fully shaved RBC plasma membranes (D membrane ), lipid-extracted membrane protein from fully shaved RBC plasma membranes (D protein ), total membrane lipid from RBC open ghost plasma membranes, and total lipid from fully shaved RBC plasma membranes (D lipid ) the immunoblot analysis including anti-band 3 (Sigma B9277) (cytoplasmic), anti-glycophorins A and B (Sigma G7650) (extracellular), and anti-spectrin (␣ and ␤) (Sigma S3396) (cytoskeleton). Lane M, markers. , and then shaved with 3.0 mg/ml proteinase K in the respective wash buffer for 24 h (C, control, membranes were not washed). The membrane samples were then run on 1D SDS/PAGE gels and subjected to standard Coomassie and silver staining procedures. 0, no shaving with proteinase K; 24, membranes were shaved with 3.0 mg/ml proteinase K for 24 h. (b) Elimination of contamination from hemoglobin. RBC open ghost membranes washed (w) in 10 mM NaOH were shaved with 3.0 mg/ml proteinase K in 10 mM NaOH for various lengths of time up to 48 h. The membrane samples were then run on 1D SDS/PAGE gels and subjected to standard immunoblot analysis by using anti-hemoglobin (Sigma, H4890). Lane M, markers; lane H, hemoglobin supernatant (positive control for hemoglobin). (c) Time progression of membrane shaving by using buoyant density measurements from equilibrium centrifugation in linear sucrose gradients. RBC plasma membrane open ghosts were progressively shaved by proteolytic digestion with 3.0 mg/ml proteinase K. The proteolytic digestion was stopped with 5 mM PMSF as a function of time. At each time point, buoyant density measurements were made by using equilibrium centrifugation in continuous, linear sucrose gradients. Membranes were loaded on 5-45% continuous, linear sucrose gradients made by using the BioComp Gradient Master and spun at 215,578 ϫ g for 24 h. Gradients were then fractionated by using the BioComp Gradient Fractionator. The density of sucrose at which the sample band of membranes was found by refractometry (equal to a buoyant density measurement for the membrane itself) was measured by using a temperature-controlled, small-volume, automatic refractometer (Rudolph Research Analytical, J57). The density at each time point was measured independently a total of ten times. (d) Time progression of membrane shaving by using immunoblot analysis. RBC open ghost membranes washed (w) in 10 mM NaOH and unwashed (u) RBC open ghost membranes were shaved with 3.0 mg/ml proteinase K in 10 mM NaOH for various lengths of time up to 24 h. 0, control, no proteinase K; s, shaved for 5 s. The membrane samples were then run on 1D SDS/PAGE gels and subjected to standard immunoblot analysis. Three different antibodies were analyzed in Dry weight measurements for RBC open ghost plasma membranes, fully shaved RBC plasma membranes, lipid-extracted membrane protein from fully shaved RBC plasma membranes, total membrane lipid from RBC open ghost plasma membranes, and total membrane lipid from fully shaved RBC plasma membranes were determined by using standard methods. All dry weight measurements were repeated a total of 10 times for each of the five different types of samples.
( Table 2 ). Based on the buoyant density measurements reported in Table 2 , the area occupancy of the RBC plasma membrane was determined based on the following equation, assuming additivity: 
Discussion
The measured value of at least Ϸ23% of the RBC plasma membrane area occupied by protein transmembrane regions is in close agreement with previous estimates (9, 10), and is significantly higher than that contemplated in most general models for membrane structure. If we add the perturbation by proteins bound at the surfaces of the bilayer and the influence of protein masses that may have been located in the bilayer but unstable to digestion, there may be little lipid that is in the state of thickness and dynamic motion present in a pure bilayer with the same lipid composition as the red blood cell membrane.
Methods

Purification of Human Red Blood Cells (RBCs) from Whole Blood.
Fresh whole human blood (tested negative for HBV, HCV, HIV 1&2, HTLV 1&2, and syphilis) with sodium heparin was obtained from Bioreclamation and stored at 4°C. RBCs were purified within 48 h of withdrawal from human donors. Human RBCs were initially isolated by centrifugation at 600 ϫ g for 20 min at 4°C. After removing the plasma and buffy layers by careful suction, the RBC pellet was resuspended in cold isotonic buffer (145 mM NaCl, 5 mM KCl, and 5 mM Hepes, pH 7.4) by trituration and then recentrifuged at 2,000 ϫ g for 10 min at 4°C. The RBCs were washed with the isotonic buffer a total of four times to completely remove the plasma and buffy layers. To remove white blood cells from the RBC suspensions, the samples were passed through white blood cell filters (Plasmodipur, Euro-diagnostica B.V.) a total of two times. At each step in the purification process, the upper RBC layer was removed. The final preparation of washed RBCs was resuspended in cold isotonic buffer at pH 7.4 to an approximate hematocrit of 50% and stored at 4°C. All RBC samples were stored at 4°C and used for analysis within 24 h of purification.
Purification of Human RBC Open Ghosts. Packed RBCs (1 ml) were lysed by trituration and stirring on ice for 10 min in 100 ml of hypotonic lysing solution containing 15 mM KCl, 0.01 mM EDTA, 1 mM EGTA, and 5 mM Hepes, pH 6.0, at 4°C to reduce premature, spontaneous resealing of the erythrocyte ghosts. The membranes were then centrifuged at 12,000 ϫ g for 10 min at 4°C. After discarding the supernatant, the membranes were then washed in 100 ml of hypotonic lysing solution without EGTA by trituration and recentrifuged at 12,000 ϫ g for 10 min at 4°C. Once again, after discarding the supernatant, the membranes were washed in 100 ml of EGTA-free hypotonic lysing solution containing 2 mM Mg 2ϩ by trituration and recentrifuged at 12,000 ϫ g for 10 min at 4°C. After removing the supernatant a final time, the erythrocyte ghost membranes were concentrated in 4 ml of the EGTA-free lysing solution
-million-fold (11).
RBC Plasma Membrane Washes.
Purified RBC open ghost membranes (300 l) were resuspended in 10 mM NaOH (30 ml) at 4°C. The membrane suspensions were then placed on a nutator and were rotated at medium speed at 4°C for 30 min. Washed membrane samples were then pelleted at 12,000 ϫ g for 10 min and resuspended in fresh 10 mM NaOH (1 ml) at 4°C. The washed membrane samples were then immediately subjected to proteolytic digestion with proteinase K.
Proteolytic Digestion of RBC Plasma Membranes. On purifying erythrocyte plasma membranes from human RBC ghosts and washing the membrane samples with 10 mM NaOH, the RBC ghost membranes were shaved by using proteinase K, a serine protease with broad cleavage specificity (12) (13) (14) (15) . Proteinase K is active over the pH range 7.5-12.0 but is most often used in the pH range 7.5-9.0 (14, 15) . The activity of the enzyme is at a maximum at 37°C, but the activity is Ͼ80% of its maximum between 20°C and 60°C (14, 15) . Washed RBC ghost membranes were pelleted in a microcentrifuge at 12,000 ϫ g at room temperature for 10 min. The supernatant was then removed and discarded and the pellet was resuspended in 10 mM NaOH. Proteinase K was added to the membrane suspension at a final concentration of 3.0 mg/ml per 100 l of washed membranes for each shaving reaction and the samples were left on a nutator at medium speed for varying durations of time (up to 48 h) at room temperature. The digestions with proteinase K were conducted at room temperature rather than at 37°C where protease activity is maximized to reduce the amount of resealing of the erythrocyte open ghost membranes that occurs completely within 6 min at 37°C (16, 17) . At designated time points, PMSF, a protease inhibitor specific for proteinase K, was added at a final concentration of 5 mM and the samples were left on a nutator at medium speed for 30 min to be sure that all of the proteinase K activity was inhibited. The membranes were then pelleted in a microcentrifuge at 12,000 ϫ g at room temperature for 10 min. The supernatant was then removed and discarded and the pellet was resuspended in 10 mM NaOH once again. This washing procedure of the fully washed and shaved RBC open ghost membranes was repeated two more times for a total of four washes. In the final round, the membrane samples were resuspended in buffer K (15 mM KCl, 5 mM Hepes, 2 mM Mg 2ϩ , 0.01 mM EDTA, pH 8.0). To be sure that proteinase K and PMSF were removed from the membrane samples with the series of four wash steps, samples of the supernatants and membrane pellets from each wash step were run on 1D SDS/PAGE gels and silver-stained. By the fourth wash step, all of the proteinase K and PMSF were removed from the membrane pellet.
One-Dimensional Gel Electrophoresis of RBC Plasma Membranes. Membranes before and after washes with 10 mM NaOH and proteolytic digestion with proteinase K were analyzed by SDS/PAGE by using precast 4 -12% NuPAGE Bis-Tris gels (Invitrogen). This particular gel system was chosen because it provides a much lower pH environment than traditional SDS/PAGE systems. The advantages of the lower pH include sharper band resolution and higher accuracy of results. NuPAGE Mes running buffer was used in all gel electrophoresis experiments (Invitrogen). Membrane samples were loaded onto the gel after heat denaturation at 70°C for 10 min according to the Invitrogen protocol for NuPAGE gels. Protein bands were visualized by using standard Coomassie blue and silver staining (SilverQuest Silver Staining Kit from Invitrogen) techniques.
Immunoblot Analysis of RBC Plasma Membranes. The membrane shaving process was also monitored as a function of time by using immunoblot analysis as a means to assess the degree of shaving completion. The aim was to follow key structural elements: extracellular and intracellular digestion targets, as well as key cytoskeletal components. Standard immunoblot procedures were used for all samples by using the following antibody combinations:
1. Monoclonal Anti-Glycophorin A and B (Mouse) (Sigma G7650) (primary antibody at 1:800) and Anti-Mouse IgG (Fc specific)-Alkaline Phosphatase Antibody (Goat) (Sigma A1418) (secondary antibody at 1:20,000). This antibody recognizes an epitope located in the extracellular domain of glycophorin A and glycophorin B, within amino acid residues 1-26 (the fragment that is MN-unrelated and identical in glycophorins A and B) (18, 19 Buoyant density measurements for RBC open ghost plasma membranes, fully shaved RBC plasma membranes, lipid-extracted membrane protein from fully shaved RBC plasma membranes, total membrane lipid from RBC open ghost plasma membranes, and total membrane lipid from fully shaved RBC plasma membranes were determined by using standard methods. All buoyant density measurements were repeated a total of 60 times for each of the five different types of samples.
terminus of band 3 (20) (20) . The 20-and 40-kDa fragments are formed by cleavage on the cytoplasmic side (20) . Even though the 60-kDa fragment is transmembrane protein, its cleavage site is available at the external surface of the erythrocyte (20) . 3. Monoclonal Anti-Spectrin (␣ and ␤) Antibody (Mouse) (Sigma S3396) (primary antibody at 1:500) and Anti-Mouse IgG (Fc specific)-Alkaline Phosphatase Antibody (Goat) (Sigma A1418) (secondary antibody at 1:20,000). This antibody localizes the 220-kDa (␤) and 240-kDa (␣) bands of human erythrocyte spectrin, the most abundant protein in the erythrocyte cytoskeleton (Sigma Product Information Sheet, no. S3396). In addition, a number of polypeptides in the region of 170, 150, 85, and 45 kDa react with this antibody (Sigma Product Information Sheet, no. S3396). 4. Anti-Human Hemoglobin (Rabbit) (Sigma H4890) (primary antibody at 1:50) and Anti-Rabbit IgG (whole molecule)-Alkaline Phosphatase Antibody (Goat) (Sigma A3812) (secondary antibody at 1:40,000). This hemoglobin antiserum was determined to be specific for hemoglobin and it showed strong reactivity with human hemoglobin at 1 mg/ml (Sigma Product Information Sheet, no. H4890).
Characterization of Membrane Shaving by Proteolytic Digestion by Buoyant Density Measurements from Equilibrium Centrifugation in Linear Sucrose
Gradients. As an alternative method to follow the membrane shaving process, the progressive proteolytic digestion of RBC plasma membrane ghosts was monitored by using buoyant density measurements obtained from equilibrium centrifugation in linear sucrose gradients. RBC plasma membrane open ghosts were progressively shaved by proteolytic digestion with 3.0 mg/ml proteinase K. The proteolytic digestion was stopped with 5 mM PMSF as a function of time. At each time point, buoyant density measurements were made by using equilibrium centrifugation in sucrose gradients. Membranes were loaded on 5-45% continuous, linear sucrose gradients made by using the BioComp Gradient Master and spun at 215,578 ϫ g for 24 h. Gradients were fractionated by using the BioComp Gradient Fractionator. The density of sucrose at which the sample band of membranes was found, by refractometry (equal to a buoyant density measurement for the membrane itself), was measured by using a temperature-controlled, small-volume, automatic refractometer (Rudolph Research Analytical, J57). By measuring the refractive index of the membrane sample in a particular sucrose gradient fraction, the buoyant density of this sample was determined by using a simple conversion based on published tables (ICUMSA SPS-3). By using the aforementioned technique, buoyant density measurements were obtained for RBC plasma membrane open ghosts as a function of proteolytic digestion time.
Lipid Extraction of RBC Open Ghosts and Fully Shaved RBC Plasma Membranes.
Lipids were extracted from RBC open ghosts and fully shaved RBC plasma membranes by using chloroform/isopropyl alcohol 7:11 (vol/vol) according to the Rose-Oklander method of lipid extraction (21) . This method was chosen over the well known Folch extraction procedure because the Folch extraction is plagued by significant contamination with heme (22) . The Rose-Oklander method of lipid extraction was also chosen as the preferred method because it results in full phospholipid recovery (21) . Reagent grade chloroform (redistilled) and isopropyl alcohol were used in all lipid extraction experiments. RBCs were purified from whole human blood according to the methods described earlier. RBC open ghost plasma membranes were then purified according to the methods described earlier, and the lipid extraction procedures detailed below were carried out on this sample. Fully shaved RBC plasma membranes were also subjected to lipid extraction according to the Rose-Oklander method of lipid extraction. Packed RBC open ghosts or fully shaved RBC plasma membranes (1 ml) were pipetted by using a siliconized serological pipette into a 20-ml tube with a teflon-lined screw cap. were repeated a total of 10 times. The dry weight of purified RBC open ghost plasma membranes and fully shaved RBC plasma membranes were also measured a total of 10 times each by using the procedures described earlier.
Determination of the Buoyant Density of the Protein Component of Fully Shaved
RBC Plasma Membranes. Lipid-extracted membrane protein from fully shaved RBC plasma membranes was purified according to the methods presented previously. The lipid-extracted membrane protein was resuspended in a buffer containing 25 mM Hepes-KOH and 5 mM MgCl 2 at pH 7.4 (same buffer as the shaved RBC plasma membrane and the extracted RBC lipid). The buoyant density of the total lipid-extracted membrane protein from fully shaved RBC plasma membranes was measured according to the methods detailed earlier. The only modification to these methods was that a series of density gradients (20 -60%, 30 -60%, and 40 -60% sucrose) were used in combination to determine the precise protein density measurement. The buoyant density of the lipid-extracted membrane protein from ''fully'' shaved RBC plasma membranes was measured in six separate sucrose gradients in a total of 10 experimental trials for a total of 60 measurements of protein density. The only modification to these methods was that a series of density gradients (5-20%, 5-30%, and 5-45% sucrose) were used in combination to determine the precise lipid density measurement. The buoyant density of the total membrane lipid from RBC open ghost membranes and from fully shaved RBC plasma membranes were each measured in six separate sucrose gradients in a total of 10 experimental trials for a total of 60 measurements of lipid density of each sample type.
Determination of the Lipid Density of RBC Open Ghost Membranes and Fully
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